The transcriptional activity of c-Jun is augmented through phosphorylation at two sites by a c-Jun amino-terminal kinase (JNK). All cells express two distinct JNK activities, 46 and 55 kD in size. It is not clear which of them is the more important c-Jun kinase and how they specifically recognize c-Jun. The 46-kD form of JNK was identified as a new member of the MAP kinase group of signal-transducing enzymes, JNK1. Here, we report the molecular cloning of the 55-kD form of JNK, JNK2, which exhibits 83% identity and similar regulation to JNK1. Despite this close similarity, the two JNKs differ greatly in their ability to interact with c-Jun. JNK2 binds e-Jun -25 times more efficiently than JNK1, and as a result has a lower K m toward c-Jun than JNK1. The structural basis for this difference was investigated and traced to a small [;-strand-like region near the catalytic pocket of the enzyme. Modeling suggests that this region is solvent exposed and therefore is likely to serve as a docking site that increases the effective concentration of c-Jun near JNK2. These results explain how two closely related MAP kinases can differ in their ability to recognize specific substrates and thereby elicit different biological responses.
The trans-activation potential of the c-Jun proto-oncoprotein is augmented by phosphorylation at Ser-63 and -73 (Bin6truy et al. 1991; Pulverer et al. 1991; Smeal et al. 1991) . Phosphorylation of these residues is stimulated by transforming oncoproteins (Bin4truy et al. 1991; Smeal et al. 1991 Smeal et al. , 1992 , growth factors , UV irradiation (Devary et al. 1992) , and antigenic activation of T cells (Suet al. 1994) . In vitro, Set-63 and -73 are specifically phosphorylated by two protein kinases, 46 and 55 kD in size, that bind to the amino-terminal activation domain of c-Jun, termed JNKs Minden et al. 1994) . No other protein kinases were found to phosphorylate these sites Minden et al. 1994) . The JNKs are strongly activated following UV irradiation and more modestly by Ha-Ras expression D6rijard et al. 1994) . Molecular cloning identified the 46-kD form of JNK as a novel MAP kinase, termed JNK1, displaying -40% sequence identity to other MAP kinases, including ERK1 and ERK2 (D6rijard at al. 1994) . Despite their ability to use phosphoacceptor sites with primary structure similar to the JNK phospho4Corresponding author. rylation sites (Davis 1993) , ERK1 and ERK2 do not phosphorylate Set-63 and -73 and instead phosphorylate c-Jun at Ser-243 near its carboxyl terminus (Alvarez et al. 1991; Minden et al. 1994 ). c-Jun provides a good example for the distinct substrate specificity of MAP kinases, whose minimal consensus phosphorylation site is either Set-Pro or Thr-Pro (Davis 1993) . This group of protein kinases occupies an important and critical role in cellular signal transduction, as they convert extracellular stimuli to specific regulatory events affecting the pattern of gene expression, most likely through phosphorylation of specific transcription factors (Ammeter 1994; Karin 1994) . Despite the rapidly accumulating knowledge regarding the regulatory pathways responsible for MAP kinase activation and their phenotypic effects on genetically dissectable organisms, such as yeast (Ammeter 1994) and Drosophila (Brunner et al. 1994; O'Neill et al. 1994} , the mechanisms responsible for their substrate specificity are currently unknown.
More recently, a murine homolog of INK1, termed SAPK-~, was cloned as well as three related proteins SAPKaI, SAPK~II and SAPK{3 (Kyriakis et al. 1994} . However, the involvement of the individual SAPKs in The molecular basis for J N K -c -J t m i n t e r a c t i o n c-lun phosphorylation or their regulation was not determined. It is not clear which of the INKs is directly involved in regulation of c-Jun activity and whether individual enzymes exhibit any functional or regulatory differences. Here, we describe the molecular cloning of the 55-kD form of h u m a n INK, INK2, which is probably the h u m a n homolog of SAPKalI. The two INKs are closely related and similarly regulated. Despite the close similarity, INK2 displays considerably higher affinity toward c-Jun than INK1 does. The molecular basis for this difference was investigated through generation of INK1/ INK2 chimeras and was traced to a small region located next to the catalytic pocket of the enzyme. Modeling suggests that this region is solvent exposed and thus may serve as a substrate docking site responsible for increasing the effective substrate concentration next to the INK2 catalytic site. Consistent with this difference, overexpression of wild-type INK2 but not JNK1 potentiates expression of a c-]un-dependent reporter gene. Therefore, INK2 is likely to be responsible for c-Iun activation, whereas INK1 may be involved in regulation of other substrates. These structural and functional differences between two otherwise similar MAP kinases can explain why members of this group exhibit biological specificity even though their primary sequence specificities for phosphate transfer are very similar to one another.
Results

Molecular cloning of JNK2
By in-gel kinase assays we have identified two protein kinases, 46 and 55 kD in size, termed JNKs, that bind to the c-Jun activation domain and phosphorylate it on Ser-63 and -73 (the latter being the major phosphoacceptor site; Hibi et al. 1993) . The 46-kD form of JNK was shown to be a novel MAP kinase, termed JNK1 (D6rijard et al. 1994) . Because the two JNK activities are similarly regulated Suet al. 1994) , they are likely to be structurally related. Thus, we screened a Jurkat T-cell lymphoma cDNA library with a JNK1 cDNA probe to identify a related species that may encode the 55-kD form of JNK. One of the cDNA clones thus identified, with an insert size of 3.3 kb, has turned out to encode a protein kinase that is 83% identical in its primary structure to JNK1 but only 39% identical to ERK2 (Fig. 1A) . A cDNA clone encoding the same protein was also isolated from a HeLa cell library. No other cDNAs that exhibit considerable similarity to JNK1 were isolated despite extensive screening of both libraries. Importantly, the open reading frame of the newly identified cDNA specifies a 424 amino acid polypeptide that is larger than JNK1 (385 amino acids in length). Like JNK1, the new protein, termed JNK2, contains a Thr-Pro-Tyr sequence at position 183-185. This sequence is functionally and struc- FQNQTHAKRAYRELVLMKCVNHKNI I GLLNVFTPQKSLEEFQDVYI VMELMDANLCQVI Q  121  180  MELDHERMSYLLYQMLCGI KHLHSAGI I HRDLKPSNI VVKSDCTLKI LDFGLARTACTNF  III IIII IIIIII III IIII lllllllllllll~lllf ~II~II III I:1  MELDHERMSYLLYQMLCGIKHLHSAGIIHRDLKPSNIVVKSDCTLKILDFGLARTAGTSF  181  240  MMI P~VVTRYYRAPEVI LGMGYKENV~I WSVGCI MGELVKGCVI FQGTDH~D~NKVl EQ   III IIII I I I I I I  III  IIII I: D6rijard et al. 19941 to the Thr-GluTyr sequence, which contains the activating phosphorylation sites of ERK1 and ERK2 (Ahn et al. 1992) . Southern blot analysis (Fig. 1B) , as well as the scattered sequence differences between JNK1 and JNK2, indicated that they are products of different genes. Northern hybridization ( Fig. 1C ; data not shown) indicates that JNK2 is expressed in many cell types. As observed for JNK1 (D6rijard et al. 1994) , several JNK2 transcripts were detected. The same transcript heterogeneity was revealed by analysis of poly(A) + RNA (data not shown). The abundant transcript that is < 1 kb in length is likely to represent an alternatively spliced form of JNK2 that can potentially code for truncated protein of unknown functional significance (K. Yoshioka, unpubl.).
INK1 and JNK2 are identically regulated
To examine whether JNK2 is a functional c-Jun aminoterminal kinase, we transfected Jurkat cells with an expression vector encoding JNK2 tagged with the HA epitope (Wilson et al. 1984) at its amino terminus. Because both forms of JNK are strongly activated following UV irradiation {Hibi et al. 1993), the transfected cells were UV irradiated prior to preparation of lysates. Immune complex kinase assays, using GST c-Junl 1-79) as a substrate, revealed that the anti-HA antibody precipitated a 55-kD c-Jun kinase only from cells transfected with the HA-JNK2 vector ( Fig. 2A) . No such activity was present in control immune complexes generated with an anti-CD3 antibody. To determine whether JNK2 specifically phosphorylated the amino-terminal sites of c-Jun, we phosphorylated full-length recombinant c-Jun with immunopurified HA-JNK2 and subjected it to two-dimensional tryptic phosphopeptide mapping (Boyle et al. 1991) . The resulting phosphopeptides (Fig. 213) were identical in their mobilities to the X and Y phosphopeptides, whose abundance is increased following in vivo JNK activation (Devary et al. 1992; Suet al. 1994) , and phosphopeptides T1 and T2, which correspond to secondary JNK phosphorylation sites D6rijard et al. 1994) . The same phosphopeptides were generated by phosphorylation of c-Jun with HA-JNK1. As shown previously (Smeal et ah 1991J, phosphopeptides X and Y correspond to phosphorylation of c-Jun at Ser-73 and Ser-63, respectively. We used the immune complex kinase assay to compare the regulation of transiently expressed JNK1 and JNK2 to the endogenous 46-and 55-kD forms of JNK, probed by an in-gel kinase assay (Kameshita and Fujisawa 1989) . The transiently expressed JNK1 and JNK2 were regulated very similarly to the endogenous forms of JNK in both HeLa and Jurkat cells (Fig. 2C1 . Both enzymes were rapidly activated in response to a variety of physiological (growth factors and cytokines) and stresshal stimuli. The most potent activators of JNK1 and JNK2 were UV irradiation (50-to 90-fold) and a low concentration (50 ng/ml) of the protein synthesis inhibitor anisomycin (50-to 200-fold) . At this concentration, anisomycin does not inhibit protein synthesis but induces immediate early genes, including c-jun (Edwards and Mahadevan 1992) and activates protein kinases with sizes identical to those of JNK1 and JNK2 (Cano et al. 1994 ). This effect was not seen with another protein synthesis inhibitor, cycloheximide, which is a less effective activator of JNK1 and JNK2 (7-to 14-fold), even at fully inhibitory concentrations. Another stressful stimulus, heat shock, led to weak activation (three-to fourfold) of these enzymes. Modest activation of JNK1 and JNK2 was observed following treatment of HeLa cells with epidermal growth factor (EGF; 3-to 10-fold) or tumor necrosis factor-a (TNFcxl 6-to 16-fold}. Together, the two factors synergistically activated both JNK1 and JNK2 (25-to 60-fold). As described {Su et al. 1994), JNK1 and JNK2 were synergistically activated (30-to 60-fold} by costimulation of Jurkat cells with the phorbol ester TPA and the calcium ionophore A23187. Whereas treatment with TPA alone gave rise to weak JNK1 and JNK2 activation (five-to sevenfold), treatment with A23187 alone did not activate either enzyme (data not shown).
JNK2 has higher affinity to c-lun
The two forms of JNK were identified by their ability to bind the amino-terminal activation domain of c-Jun / Hibi et al. 1993) . The binding site is located between amino acids 30 and 60 of c-Jun and its integrity is important not only for JNK binding in vitro but also for phosphorylation of c-Jun and enhancement of its transcriptional activity in vivo . To investigate whether JNK2 binds c-Jun through the same site, we incubated immunopurified HA-JNK2 with glutathioneagarose beads coated with different GSTcqun fusion proteins that either contain or lack an intact JNK-binding site tHibi et al. 19931. As described IHibi et al. 1993; , the incubations were carried out in the absence of ATP, the beads were washed extensively, and JNK binding was assayed by addition of [~/-3zP]ATP and phosphorylation of the c-Jun moiety of the immobilized fusion protein (Fig. 3A) . Like JNK1, JNK2 bound to GSTc-Jun(1-223), GSTc-Jun(1-79), and GSTc-Jun(1-223; Ala-63/73). [The latter is a mutant in which Ser-63 and -73, which are not required for JNK binding, were substituted by Ala residues. This mutant is phosphorylated on secondary sites ]. JNK2 also bound to the chicken (ch) c-Jun amino-terminal domain [GSTch.cJun(1-144)]. JNK2 did not bind to or GSTch.v-Jun. The latter two proteins lack intact JNKbinding sites .
To examine the binding of JNK1 and JNK2 to c-Jun by a more conventional assay, we passed lysates of HA-JNK1-or HA-JNK2-expressing Jurkat cells, containing similar amounts of either enzyme, through glutathioneagarose-GSTc-Jun(1-79) columns and, after extensive washing, eluted the bound proteins with buffer containing SDS. The input and bound fractions were separated on a denaturing gel and analyzed by immunoblotting with anti-HA antibody (Fig. 313 ). Approximately 10% of the HA-JNK2 input bound the affinity resin, whereas < 1% of the HA-JNK1 input was retained on the column. The molecular basis for JNK--c-J~ interaction Jurkat Cells Hela Cells
In gel
In gel 55kD~" ~l were immunoprecipitated from transiently transfected Jurkat cells following UV irradiation as described above. The immune complexes were washed thoroughly and used to phosphorylate recombinant full-length c-Jun protein in vitro. After separation by SDS-PAGE, the phosphorylated c-Jun bands were transferred to a nitrocellulose membrane and subjected to two-dimensional tryptic peptide mapping. The phosphorylated peptides (X, Y, T1, and T2) are marked. {C) Regulation of transiently expressed JNK1 and JNK2 and the endogenous 46-and 55-kD forms of JNK. Jurkat and HeLa cells were transfected with either HA-JNK1 or HA-JNK2 expression vectors. Forty hours after transfection, the cells were exposed to 10 ng/ml of TPA, 50 ng/ml of anisomycin (Aniso), 150 ~g/ml of cycloheximide (CHX), 40 J/m 2 UV-C, 10 ng/ml of TPA+ 1 ~g/ml of A23187, 10 ng/ml of TNFet, 15 ng/ml of EGF, 10 ng/ml of TNFct+ 15 ng/ml of EGF or heat shock (HS) at 42°C. After 20 min, lysates were prepared and immune complex kinase assays were performed as described above. Phosphorylation of GSTc-Jun(1-79) by immunoprecipitated HA-JNK1 and HA-JNK2 in both lurkat and HeLa cells is shown in the two bottom panels. To examine the effect of these treatments on endogenous JNK activities, nontransfected
Jurkat and HeLa cells were subjected to the same treatments and analyzed by an in-gel kinase assay using GSTc-Jun(1-79} as a substrate. These results are shown in the top panel.
Quantitation of the binding of the two JNKs to GSTcJun(1-79) revealed that JNK2 bound c-Jun 25-fold more efficiently than JNK1 (Fig. 4) . A similar difference was found when the binding of ass-labeled c-Jun to GST-JNK1 and GST-JNK2 was measured {data not shown). No effect of activation by anisomycin on binding of either JNK1 or JNK2 was detected (Fig. 3B) . Binding was specific, as no binding of JNK2 (or JNK1; data not shown) to a glutathione-agarose-GSTch.v-Jun column could be detected. The more efficient binding of JNK2 to c-Jun suggested that it may be a more effective c-Jun kinase than JNK1, especially at low substrate concentrations. To examine this point, we have immunopurified transiently expressed HA-JNK1 and HA-JNK2 from anisomycin-stimulated HeLa cells or UV-irradiated COS 1 cells and eluted both enzymes from the i m m u n e complex using a peptide corresponding to the HA epitope. Equal amounts of each enzyme were incubated with various concentrations of c-Jun, and the rate of c-Jun phosphorylation was quantitated. Either preparation of JNK2 was a more effective c-Jun kinase than the equivalent preparation of JNK1 (Fig. 3C, D) . The Michaelis constants (Kin) of JNK1 and JNK2 toward c-Jun determined by double reciprocal plots {Lineweaver-Burke), were 2500x500 nM and 350-+50 nM, respectively. Thus, at low substrate concentrations JNK2 is likely to be the predominant c-Jun amino-terminal kinase.
The structural basis for preferential c-ltm phosphorylation by JNK2
The marked differences between the abilities of JNK2 and JNK1 to bind and phosphorylate c-Jun provided an constructs through a GSTc-Jun(1-79) affinity column. c-Jun phosphorylation was examined by using equal amounts of transiently expressed HA-JNK1/JNK2 con ° structs isolated from anisomycin-activated HeLa cells and low concentrations (150--300 nM) of a soluble GSTcJun(1-79) substrate. As summarized in Figure 4A , JNK2 bound GSTc-Jun(1-79) 25-fold more efficiently than JNK1 and phosphorylated c-Jun at least 3-fold more efficiently. The higher binding affinity and kinase activity of JNK2 toward c-Jun were found to be predominantly determined by a small region in its carboxy-terminal domain between amino acids 208 and 230 {boxed in Fig.  1A ). In this region, INK1 and JNK2 differ by four highly conservative amino acid substitutions [such as lie --, Leu) and six less conservative and nonconservative changes. Introduction of the corresponding JNK2 sequences into this region of JNK1 increases its ability to bind c-lun by 30-fold and its c-Jun kinase activity by Cold Spring Harbor Laboratory Press on November 6, 2017 -Published by genesdev.cshlp.org Downloaded from 4.8-fold. These differences are mediated by an interaction of INK2 with the INK-binding site of c-Jun because a GST fusion protein lacking this site, GSTc-Jun(43-223) is phosphorylated to nearly the same extent, albeit very inefficiently, by the different INK constructs.
To better understand the structural basis for the efficient and specific interaction of INK2 with c-Jun, a three-dimensional model of INK2 was constructed based on the structural homologies between the catalytic domains of cAMP-dependent protein kinase (PKA~ Zheng et al. 1993 ), cyclin-dependent kinase 2 (CDK2~ De Bondt et al. 1993), and ERK2 (Zhang et al. 1994) . First, the INK2 sequence was aligned with the sequences of all three kinases, and then using the Homology program (Biosym, 1994} and crystallographically solved structures of these protein kinases, the INK2 model shown in Figure 5 was derived. There was a significant match in the regions including amino acids 1-243 and 293-369 of INK2 and the published ERK2 structure (Zhang et al. 1994 ). The INK2 region that corresponds to an insert and includes amino acids 243-280 was more consistent with the CDK2 structure based on sequence alignment. The position of the entire insert was modeled on the basis of the general position of the insert in CDK2. The region that corresponds to amino acids 280-293 was further modeled using the fragment generator feature of the Homology program and was chosen as the lowest energy structure. As highlighted in the models shown in Figure 5 , A and B, the region responsible for the specific and efficient interaction between INK2 and c-Jun appears to form an extended chain that protrudes below the region involved in binding of the phosphoacceptor peptide and its phosphorylation. In this model the segment containing His-230 is in close proximity to Thr-183 and Tyr-185, whose phosphorylation mediates INK activation (D6rijard et al. 1994) . Asp-229, Arg-189, and Arg-192 could be revolved in strong electrostatic interactions and, on the basis of the PKA structure, are likely to be involved in binding of 
With the exception of this insert, the specificity-determining region of INK2 is full conserved in SAPKodI and most residues 208-230, as suggested by this alignment.
likely comprises the phosphoaccepting peptide (Zheng et al. 1993) . The proximity of His-230 to both the positively charged Arg-189 and Arg-192 and the negatively charged Asp-229 should make it very sensitive to pH changes or substitutions of these charged residues. Whereas the precise orientations of this region in the insert to the core obviously requires a crystal structure of JNK2 itself, the general proximity of the specificity-determining region to the active site cleft is nevertheless independent of whether CDK2 or MAPK structures are used for its modeling. Sequence alignment of various MAP kinases, as well as CDK2, indicates that the specificity-determining region is unique to JNK2 and SAPKaII, which therefore is its murine homolog (Fig. 5C) . Interestingly, in four of the six positions where it differs considerably from JNK2, JNK1 contains residues that are highly conserved among MAP kinases. With the exception of ERK1 and ERK2, no two MAP kinases exhibit complete sequence identity throughout this region.
In vivo effects of INK on c-Inn transcriptional activity
To test which protein kinase is more likely to modulate c-Jun activity in vivo, we cotransfected the reporter plasmid -79jun-LUC, containing the c-Jun-responsive c-jun promoter (Angel et al. 1988) , with expression vectors containing either wild-type or kinase-defective forms of JNK1 and JNK2 into Jurkat cells. As stimulation of Jurkat cells with TPA results only in partial JNK activation (Suet al. 1994) , we reasoned that elevation of the intracellular level of the effective JNK should augment the weak activation of the c-jun promoter by TPA (Suet al. 1994) . Activation of the c-jun promoter correlates well with changes in amino-terminal c-Jun phosphorylation (Devary et al. 1992; Su et al. 1994) . Whereas cotransfection of -79jun-LUC with a JNK1 expression vector into Jurkat cells did not potentiate its weak induction (threefold above baseline) by TPA, coexpression of wild-type JNK2 resulted in twofold potentiation, leading to sixfold induction (Fig. 6A) . Cotransfection of the inactive JNKl(T183A;Y185F) mutant [JNKI(APF)], whose activating phosphorylation sites were replaced by nonphosphorylatable residues (D4rijard et al. 1994) , had an insignificant effect on -79jun-LUC expression. In contrast, cotransfection of the equivalent JNK2 mutant
expression. An even greater decrease (twofold) in -79jnn-LUC expression was produced by transfection of JNK2(G35EI mutant (TJ-1 ), in which a conserved Gly residue involved in ATP binding (Hanks et al. 1988) , is substituted by a Glu residue. None of the JNK expression vectors affected expression of an ACT-LUC reporter, containing the 13-actin promoter (Fig. 6A) . Because the c-jun TRE appears to be recognized by a c-Jun:ATF2 heterodimer (van Dam et al. 1993 ) and recent evidence indicates that ATF2 activity is also stimulated by JNKmediated phosphorylation (Gupta et al. 1994) , we examined the effects of JNK1 and JNK2 on c-Jun transcriptional activity using a more specific assay. A GAL4
The molecular basis for JNK---c-Jun interaction responsive reporter was cotransfected into HeLa cells with a GAL4--c-Jun (1-223) construct encoding the GAL4 DNA-binding domain fused to the c-Jun activation domain. When a JNK2 expression vector was included in the transfection the basal activity of the c-Jun activation domain was stimulated threefold. No enhancement of trans-activation was seen when a vector encoding JNK1 or the nonactivatable mutants of JNK1 and JNK2, JNK1 (APF) and JNK2 (APF), were included in the transfections (Fig. 6B) . The enhancing effect of JNK2 was dependent on phosphorylation of the c-Jun activation domain, because the activity of a GAL4--c-Jun (1-223; Ala 63/73) construct, encoding a phosphorylation site-defective version of the c-Jun activation domain , was not enhanced. The basal activity of GAL4--c-Jun (1-223; Ala 63/73)was similar to that of GAL4-c-Jun (1-223). All of the different JNK proteins (wild type and mutant) were expressed at similar levels {Fig. 6C; D6rijard et al. 1994 ). However, the JNKI(APF) and JNK2(APF) mutants were completely inactive, whereas the TJ-1 mutant had 5% of wild-type JNK2 activity (data not shown).
Discussion
Biochemical characterization of JNK activity identified two distinct polypeptides, 46 kD and 55 kD in size, that phosphorylate the amino-terminal sites of c-Jun ). Both the 46-kD JNK1 (D4rijard et al. 1994 ) and the 55-kD JNK2 are members of the MAP kinase group. Whereas the two JNKs display 39-43% sequence identity to other MAP kinases, such as ERK2, they are 83% identical to each other. While this manuscript was in preparation, cDNAs encoding four JNK related proteins isolated from a rat brain eDNA library were described (Kyriakis et al. 1994) . One of these enzymes, SAPKT, appears to be the rat homolog of JNK1, and SAPKeHI is most similar to JNK2. Together, these enzymes define a new subgroup of MAP kinases that share the Thr-ProTyr sequence, which harbors their activating phosphorylation sites (D4rijard et al. 1994) , suggesting a common activation pathway. This sequence is equivalent to the Thr-Glu-Tyr sequence, which contains the activating phosphorylation sites of ERK1 and ERK2 (Alan et al. 1992 ). The two JNKs are activated by diverse extracellular stimuli, including UV irradiation, protein synthesis inhibitors, cytokines, growth factors, and T-cell activators. So far no differences in the regulation of JNK1 and JNK2 have been detected. Although the regulation of individual SAPKs was not examined, studies with a polyclonal antiserum that recognizes all forms suggest that their collective activity is regulated similarly to JNK (Kyriakis et al. 1994) . The similarity in regulation of JNK1 and JNK2 suggests that they have overlapping functions in the transduction of environmental signals to the transcriptional machinery, a function similar to those of other MAP kinases (Davis 1993; Ammerer 1994) . However, despite the highly similar structure and essentially identical regulation, the two JNKs K a l l u n k i et al. c-Jun than JNK1 does. This is consistent with its more efficient binding to GST-c-Jun beads. Both efficient c-Jun binding and c-Jun phosphorylation are determined by a short solvent-exposed region on the catalytic carboxy-terminal lobe of the enzyme, which differs between JNK2 and JNK1. These results suggest that at low substrate concentrations, as probably exist in vivo, JNK2 is more likely to phosphorylate c-Jun than is JNK1. Previously, we estimated that most cells contain 1000-10,000 molecules of AP-1. Using a nuclear diameter of 5 ~m and an upper limit of 10,000 c-Jun molecules per nucleus, we obtain a concentration of 260 nM. This concentranon is much lower than the Km of JNK1 toward c-Jun and is within the range where JNK2 phosphorylated c-Jun three-to fourfold more efficiently than JNK1, in vitro. These assumptions are supported by cotransfection experiments. Cotransfection with a JNK2 expression vector potentiated activation of the c-Jun-responsive c-jim promoter, whereas cotransfection of a JNK1 expression vector had no effect on c-jim promoter activity. Similar results were obtained by using a more specific GAL4 responsive reporter recognized by a GAL4-cJun fusion protein, containing the c-Jun activation domain, whose activity was stimulated threefold by JNK2 but not by JNK1. Little or no inhibition, however, was observed upon cotransfection of inactivated JNK2 mutants. The reason for the limited effects of the wild-type and kinase-defective JNK2 on promoter activity is a combination of the relatively higher level of JNK expression than c-Jun expression and the transient nature of the c-Jun:JNK interaction. So far no stable c-Jun:JNK complexes have been isolated from cell lysates.
Differential substrate recognition is an important property that can explain the multitude of MAP kinases and their biological functions. Most cell types coexpress both ERK1 and ERK2, which are highly similar to each other in both structure and regulation (Boulton et al. 1990 (Boulton et al. , 1991 ). Yet no differences in the ability of ERK 1 and ERK2 to recognize specific substrates have been described so far. As discussed below, this may be attributable to the presence of identical residues in their putative specificity determining region. On the other hand, differential substrate recognition is strongly implied by genetic analysis of two other MAP kinases, FUS3 and KSS1, in Saccharomyces cerevisiae (Elion et al. 1990 ).
Although these enzymes are highly similar in their structure and response to pheromones, only some of their functions overlap and KSS1 cannot fully substitute for FUS3 (Kurjan 1992) . Other MAP kinases in yeast have totally different functions (Ammeter 1994) . As shown recently, the unique activities of FUS3 may be mediated by its ability to specifically interact with a particular set of substrates (Elion et al. 1993) . It is expected, but not yet demonstrated, that KSS1 would be able to interact with only a subset of these substrates. Such differential interactions, as demonstrated for the two JNKs, are likely to play critical roles in conferring biological specificity to the actions of protein kinases that respond to either similar or distinct extracellular stimuli.
Using a series of JNK1/JNK2 chimeras, the structural basis for the higher affinity of JNK2 toward c-Jun was determined. As we have shown, a short [3-strand-like region, composed of a part of kinase domain IX and the sequence between domains IX and X, is largely responsible for increasing the efficiency of the JNK-c-Jun interaction. This region appears to interact with the JNKbinding site between amino acids 30-60 of c-Jun . Interestingly, a part of the sequence of this short region is unique to JNK2 and its rat homolog SAPK~II and is variable among all known MAP kinases, with the exception of ERK1 and ERK2. Although, with the exception of the ERKs, no two MAP kinases share fully identical sequences in this region, most of the residues in which JNK1 differs most dramatically from the corresponding JNK2 sequence are well conserved among most family members (Fig. 5C ). When switched to the corresponding JNK2 sequence, the resultant JNK1 mutant (J1/J2/J1 Na/Bc; Fig. 4 )binds c-Jun and phosphorylates it very efficiently. Therefore, it is tempting to speculate that the same region is involved in conferring substrate selectivity in other MAP kinases. According to a three-dimensional model of JNK2, based on the structures of three other protein kinases, including ERK2, we suggest that this specificity-determining region may form an exposed shelf-like structure that is located next to the catalytic site of the enzyme. We suggest that the region forms a docking site recognized by the JNK-binding site of c-Jun, attracting c-Jun to the vicinity of the catalytic pocket of JNK2. This increases the likelihood that the phosphoaccepting peptide loops of c-Jun will interact with the catalytic pocket of JNK2. This suggestion is consistent with the kinetic analysis of c-Jun phosphorylation by the JNKs. As shown in Figure 3 , JNK2 has a considerably lower K m toward c-Jun as a substrate than JNK1 does. Both kinases, however, are similar in their ability to phosphorylate a substrate with which they fail to form a complex detectable by our in vitro binding assay. The bipartite interaction between a protein kinase and its substrate increases the selectivity of the recognition process by a significant factor and can explain why MAP kinases have distinct substrate specificities even though the primary structures of their phosphoacceptor sites are quite similar to each other. These results provide a molecular framework for understanding the basis for the different biological functions of closely related MAP kinases.
Materials and methods
Recombinant DNAs
A human T-cell Jurkat eDNA library (Stratagene) was screened using a full-length JNK1 eDNA (D6rijard et al. 1994 ) as a probe, and a 3.3 kb clone was obtained, whose nucleotide sequence revealed a high homology to JNK1 eDNA. No other clones exhibiting considerable similarity to JNK1 were found after screening 2x 10 6 phages. The JNK2-coding region was fused in its amino terminus to a synthetic oligonucleotide specifying the HA epitope (Wilson et al. 1984) . The resulting fragment was subcloned into the pSRa3 expression vector. JNK1/JNK2 chimeras were constructed by using a conserved BclI cleavage site and by introducing XbaI, Nail, and BglII cleavage sites present in the JNK2 eDNA into the JNK1 eDNA using site-directed mutagenesis. JNK2 mutants were generated by PCR and were confirmed by DNA sequencing as described (D6rijard et al. 1994 ). -79jun-LUC, ACT-LUC, and GAL4 constructs were described earlier Su et al. 1994 ). ACTq3Gal contains the [3-galactosidase reporter gene under control of the same [5-actin promoter. The GSTc-Jun constructs have been described previously .
Hybridization analyses
Southern blot analysis was performed as described earlier (D6-rijard et al. 1994) . Hybridization was performed at 65°C for 16 hr with full-length JNK1 and JNK2 eDNA probes. Northern blot analysis was carried out by standard protocols using the fulllength JNK2 eDNA as a probe and hybridization for 16 hr at 65°C. After hybridization the membranes were washed extensively at 65°C, followed by autoradiography.
Western blot analysis was done according to standard procedures (D6rijard et al. 1994) using Immobilon P membranes (Millipore). The membranes were probed with anti-HA antibody, and the immune complexes were visualized by the ECL detection system (Amersham) and quantitated using a Molecular Imager GS-250 (Bio-Rad).
Transfections
Jurkat T antigen cells (a gift from Dr. G. Crabtree, Stanford University, CA) were grown and transfected as described (Suet Cold Spring Harbor Laboratory Press on November 6, 2017 -Published by genesdev.cshlp.org Downloaded from al. 1994). HeLa S3 and COS 1 cells were maintained in Dulbecco's modified Eagle medium supplemented with 10% fetal calf serum and transfected using lipofectamine {GIBCO-BRL). For immune complex kinase assays, cells were harvested 20 min following the different treatments, and for luciferase assays 10 hr after the treatments. Normally, all assays were done 40 hr after the initial transfection.
Immunoprecipitations
The cells were lysed in 20 mM Tris-HC1 (pH 7.7), 250 mM NaC1, 3 n~ EDTA, 3 mM EGTA, 0.5% NP-40, 1 mM p-nitrophenylphosphate (PNPP), l0 mM ~-glycerophosphate, and 100 ~M Na-vanadate in the presence of proteinase inhibitors. The cell debris was spun down, the lysates were precleaned, and the recombinant proteins were precipitated with monoclonal anti-HA antibody (Boehringer Mannheim) or affinity purified monoclonal anti-CD3 antibody OKT3, together with protein A-Sepharose as described (D6rijard et al. 1994) .
Protein purification, binding, and tunase assays
GST-fusion proteins were purified, and JNK binding to c-Jun was assayed as described D6rijard et al. 1994) . The amounts of cell extracts loaded onto the columns were normalized by Western blotting and ECL detection using a Molecular Imager (Bio-Rad) to contain equal amounts of HA-JNK1 and HA-JNK2. The total amount of protein was adjusted with extracts of mock transfected cells. GSTc-Jun(1-79) beads were incubated at 4°C for 12 hr with cell extracts followed by seven washes with lysis buffer containing 0.05% Tween 20 instead of NP-40. The proteins were eluted in SDS-PAGE loading buffer, separated by SDS-PAGE, transferred to a nylon membrane, immunoblotted with anti-HA antibody, visualized by ECL, and quantitated on a Molecular Imager (Bio-Radl using a chemiluminescence screen.
Immune complex kinase assays were performed in 30 g.l of kinase buffer consisting of 20 mM HEPES at pH 7.6, 2 mM DTT, 10 mM MgC12, 1 mM EDTA, 1 mM EGTA, 1 mM PNPP, 10 mM J3-glycerophosphate and 100 rtM Na-vanadate, and 1 txM of ATP supplemented with 10 ~Ci of [7-a2P] ATP. To compare the kinetics of JNK1-and JNK2-catalyzed c-Jun phosphorylation, lysates from several HA-JNK1 and HA-JNK2 transfections were pooled, and after the immunoprecipitations and extensive washings the antibody-antigen complexes were disrupted by incubating them with 100-fold molar excess of HA-peptide in kinase buffer in the presence of 0.2 mg/~tl of bovine serum albumin for 16 hr at 4°C. According to our pilot experiments, both albumin and HA-peptide when used in the above concentrations do not have any effect on kinase activity. The amounts of the eluted HA-JNK fusion proteins used in the phosphorylation reactions were adjusted following determination of their relative concentrations by Western blot analysis. Equal amounts of HA-JNK1 and HA-JNK2 were incubated with various amounts of GST c-Jun(1-791 for 10 min in kinase buffer. The kinase reactions were initiated by adding ATP and terminated by addition of SDS-PAGE sample buffer. Reaction rates were determined as the amount of phosphate incorporated versus reaction time {usually 10 min; the reactions were linear for 30 rain I. The phosphorylated GSTc-Jun bands were cut out after separation by SDS-PAGE and quantitated by liquid scintillation.
The in-gel kinase assay was done as described ) using GSTc-Jun(1-79) as a substrate. The incorporation of phosphate was detected by autoradiography and quantitated with a Phosphorlmager and ImageQuant software IMolecular Dynamics).
Molecular modeling
The JNK2 model was created using Silicon Graphic Indigo Station and the Homology program (Biosym, 19941 . The structure of all insertions was constructed using the "Fragment Generator" Homology program. The side chains of JNK2 model were then minimized using the Discover program {Biosym, 1994) for 2000 interactions with steepest descents algorithm.
